The generator stator current gets distorted with unacceptable levels of total harmonic distortion (THD) because impedance-source wind power generation systems use three-phase diode rectifiers. The stator current harmonics will cause increasing losses and torque ripple, which reduce the efficiency and stability of the system. This paper proposes a novel half quasi-Z-source inverter (H-qZSI) for grid-connected wind power generation systems, which can reduce the generator stator current harmonics a great deal. When H-qZSI operates in the shoot-through zero state, the derivative of the generator stator current is only determined by the instantaneous value of the generator stator voltage, so the nonlinear relationship between generator stator current and stator voltage is improved compared with the traditional impedance-source inverter. Theoretically, it is indicated that the stator current harmonics can be reduced effectively by means of the proposed H-qZSI. Finally, simulation and experimental results are given to verify the theoretical analysis.
Introduction
In the last decade, wind energy has become the fastest developing form of renewable energy and is widely utilized in power systems. By the end of 2015, there was 142 GW of installed wind energy capacity in the European Union (EU), and wind energy has overtaken hydro as the third largest source of power generation in the EU, with a 15.6% share of the total power capacity [1] [2] [3] [4] [5] .
In 2003, a novel dc-ac converter, also known as Z-source inverter (ZSI), was proposed by Peng [6] . The ZSI consists of a DC power supply, an impedance-source network and a three-phase inverter bridge [7] [8] [9] [10] [11] . As a promising technology for power electronic conversion, voltage fed Z-source inverters can advantageously use the shoot through states to boost voltage in a single stage without extra power switches. Furthermore, with the ability to handle the shoot through states, the reliability of ZSI is substantially improved. Moreover, the output voltage distortion of inverter is reduced, because there is no need to set dead time [12] [13] [14] [15] [16] [17] [18] . To improve on the original ZSI, the quasi-Z-source inverter (q-ZSI) has been developed which features several improvements, such as continuous input current and no need input capacitance. It has no disadvantages when compared to the traditional ZSI, and can be used in any application in which the ZSI would be used [19] [20] [21] [22] [23] .
Because of the above advantages, these impedance-source inverter topologies have been widely applied in wind power generation system (WPGS) by researchers and engineers on a global scale. In [24] [25] [26] , a new variable-speed wind energy conversion system (WECS) with a permanent-magnet synchronous generator (PMSG) and Z-source inverter was proposed. Control methods were researched for grid-connection and maximum power point tracking (MPPT) in these references. In [27] , an improved pulse-width modulation (PWM) strategy was proposed to reduce the Z-source capacitor voltage ripple. As a result, smaller capacitors can be utilized under the same ripple requirements in a Z-source grid-connected wind generation system. In order to enhance the low voltage ride-through (LVRT) capability for Z-source wind power PMSG systems, a combined protection and control strategy including pulse block, battery energy storage system, reverse power tracking were presented in [28] . In [29] , an application of q-ZSI to a PMSG with WPGS was presented. The DC-link boost control and AC side output control were presented to obtain the desired DC bus voltage and reduce the impacts of disturbances on grids. A complete quasi-Z-source inverter-based system for wind power generation was modelled and analysed in [30] . In [31] , a closed loop controller was developed which monitors wind generator output and adjusts the q-ZSI shoot-through duty cycle employing the third harmonic injection constant boost control technique. The system can provide stable voltages through proper selection of boost factors. In summary, the current study of impedance-source wind power generation systems is confined to grid-connection control and MPPT. As a popular power conversion system, the three-phase diode based rectifier with its advantages of low cost, simplicity and robustness is widely adopted in impedance-source WPGC [32] [33] [34] .
On the other hand, the uncontrolled rectifier, however, seriously distorts the stator current out of the sinusoidal waveform, which has negative influence on the efficiency and stability of the generation system. In this paper, the reason behind the stator current's high total harmonic distortion (THD) phenomenon is analyzed for the three-phase diode rectifier-based WPGS with traditional impedance-source inverters (i.e., ZSI and q-ZSI) in detail. As the significant contribution of this paper, a novel half quasi-Z-source inverter (H-qZSI) for grid-connected wind power generation systems is proposed, and we found that the derivative of the generator stator current of H-qZSI is only determined by the instantaneous value of the generator stator voltage in the shoot-through zero state working condition. Additionally, the operating principle of the H-qZSI is also given in the inductor current continuous conduction mode (CCM), and a comparison of the nonlinear relationship between the generator stator current and voltage under the existing and improved topology is provided as well. Finally, simulations and experiments are demonstrated to verify the performance of the proposed H-qZSI topology. Figure 1 shows the topology of the proposed half quasi-Z-source inverter (H-qZSI). It employs a unique impedance network to combine the three-phase inverter bridge with the power source. The impedance network consists of inductors L 1 and L 2 , diodes D 1 and D 2 , and a capacitor C 1 .
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Half Quasi-Z-source Inverter
Working Principle
As illustrated in Figure 2 , the inverter bridge is equivalent to a short circuit when the half quasi-Z-source inverter operates in the shoot-through zero state. In this case, the diode D 1 is in the OFF state, and the diode D 2 is in the ON state. DC power source is discharged by inductor L 1 through diode D 2 and shoot-through branch. At the same time, capacitor C 1 is discharged by inductor L 2 through the shoot-through branch. From Figure 2 , the following equations are obtained:
where V DC is the input voltage of half quasi-Z-source network; v L1 , v L2 are the voltages of half quasi-Z-source inductors; V C1 is the voltage of half quasi-Z-source capacitor; and v i is the output voltage of the half quasi-Z-source network.
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where VDC is the input voltage of half quasi-Z-source network; vL1, vL2 are the voltages of half quasi-Z-source inductors; VC1 is the voltage of half quasi-Z-source capacitor; and vi is the output voltage of the half quasi-Z-source network. As shown in Figure 3 , the inverter bridge is equivalent to a current source when the half quasi-Z-source inverter works in the non-shoot-through zero state. In this state, the diode D1 is in the ON state, and the diode D2 is in the OFF state. The load is charged by inductors L1, L2, and DC power source. At the same time, capacitor C1 is charged by inductor L1 and DC power source through the diode D1. From the equivalent circuit shown in Figure 3 , the equations can be obtained as follows: In steady state, it is noticed that the average voltage of the inductor L1 in one switching period is zero. According to (1) and (2), it can be obtained as:
where T is the time of one switching period, T0 and T1 are the time of shoot-through zero state and non-shoot-through zero state in a switching period, respectively. From Equation (3), the relationship between the voltage of half quasi-Z-source capacitor and the input voltage of half quasi-Z-source network can be expressed as:
The equivalent circuit of the half quasi-Z-source inverter in the shoot-through zero state.
As shown in Figure 3 , the inverter bridge is equivalent to a current source when the half quasi-Z-source inverter works in the non-shoot-through zero state. In this state, the diode D 1 is in the ON state, and the diode D 2 is in the OFF state. The load is charged by inductors L 1 , L 2 , and DC power source. At the same time, capacitor C 1 is charged by inductor L 1 and DC power source through the diode D 1 . From the equivalent circuit shown in Figure 3 , the equations can be obtained as follows:
where T is the time of one switching period, T0 and T1 are the time of shoot-through zero state and non-shoot-through zero state in a switching period, respectively. From Equation (3), the relationship between the voltage of half quasi-Z-source capacitor and the input voltage of half quasi-Z-source network can be expressed as: In steady state, it is noticed that the average voltage of the inductor L 1 in one switching period is zero. According to (1) and (2), it can be obtained as:
where T is the time of one switching period, T 0 and T 1 are the time of shoot-through zero state and non-shoot-through zero state in a switching period, respectively. From Equation (3), the relationship between the voltage of half quasi-Z-source capacitor and the input voltage of half quasi-Z-source network can be expressed as:
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where d 0 is the shoot-through duty cycle, which can be calculated by T 0 /T. Similarly, since the average voltage of the inductor L 2 in one switching period is zero, the following equation can be obtained:
where v ipeak is the output peak voltage of the half quasi-Z-source network. From Equation (5), the relationship between the output peak voltage of the half quasi-Z-source network and the voltage of half quasi-Z-source capacitor can be calculated as:
From Equations (4) and (6), the output peak voltage of the half quasi-Z-source network can be expressed as:
Therefore, the output average voltage of the half quasi-Z-source network can be obtained as:
Control Strategy for H-qZSI
The structure of the control system for s half quasi-Z-source grid-connected wind generation system, which consists of wind turbine, PMSG, three-phase diode rectifier, impedance-source inverter, and grid-connected transformer, is shown in Figure 4 .
where d0 is the shoot-through duty cycle, which can be calculated by T0/T. Similarly, since the average voltage of the inductor L2 in one switching period is zero, the following equation can be obtained:
where vipeak is the output peak voltage of the half quasi-Z-source network. From Equation (5), the relationship between the output peak voltage of the half quasi-Z-source network and the voltage of half quasi-Z-source capacitor can be calculated as:
The structure of the control system for s half quasi-Z-source grid-connected wind generation system, which consists of wind turbine, PMSG, three-phase diode rectifier, impedance-source inverter, and grid-connected transformer, is shown in Figure 4 . the grid current vector, respectively. The grid-connected current is made to have a unity-power-factor, while the q-axis current is always kept at zero. From Equation (8) , it can be seen that the output average voltage of the half quasi-Z-source network will remain stable as long as the voltage of the half quasi-Z-source capacitor stays constant. To make the voltage of the half quasi-Z-source capacitor remain constant, a H-qZSI capacitor voltage outer-loop and d-axis current inner-loop are adopted in the controller. Thus, the generator speed can be changed flexibly by controlling the shoot-through duty cycle. An outer speed control loop is adopted to set the current reference of inductor L 1 for active-power control. It ensures that all the power coming from the generator is instantaneously fed into the grid by the half quasi-Z-source inverter. On the other hand, the current inner-loop is designed to control the current of inductor L 1 . The current controller will provide a shoot-through duty cycle reference for the inverter. The outer speed control loop is utilized for tracking reference value of generator speed. At the same time, the current inner-loop is utilized for making input current coincide with input voltage.
Results and Discussion
Analysis of Input Power Factor
The working principle of the Z-source inverter is given in [6] . It can be obtained that the diode D 0 is in the OFF state when Z-source inverter operates in the shoot-through zero state. The equivalent circuit of the Z-source wind power system is shown in Figure 5 . In this case, Z-source network is separated from the three-phase diode rectifier, which is responsible for the distortion of generator stator current. The d-axis of the d and q coordinates is made to coincide with the grid voltage vector. Thus, active and reactive power control can be achieved by controlling the d-axis and q-axis component of the grid current vector, respectively. The grid-connected current is made to have a unity-powerfactor, while the q-axis current is always kept at zero. From Equation (8) , it can be seen that the output average voltage of the half quasi-Z-source network will remain stable as long as the voltage of the half quasi-Z-source capacitor stays constant. To make the voltage of the half quasi-Z-source capacitor remain constant, a H-qZSI capacitor voltage outer-loop and d-axis current inner-loop are adopted in the controller. Thus, the generator speed can be changed flexibly by controlling the shoot-through duty cycle. An outer speed control loop is adopted to set the current reference of inductor L1 for active-power control. It ensures that all the power coming from the generator is instantaneously fed into the grid by the half quasi-Z-source inverter. On the other hand, the current inner-loop is designed to control the current of inductor L1. The current controller will provide a shoot-through duty cycle reference for the inverter. The outer speed control loop is utilized for tracking reference value of generator speed. At the same time, the current inner-loop is utilized for making input current coincide with input voltage.
Results and Discussion
Analysis of Input Power Factor
The working principle of the Z-source inverter is given in [6] . It can be obtained that the diode D0 is in the OFF state when Z-source inverter operates in the shoot-through zero state. The equivalent circuit of the Z-source wind power system is shown in Figure 5 . In this case, Z-source network is separated from the three-phase diode rectifier, which is responsible for the distortion of generator stator current. The stator electromotive force (EMF) of permanent-magnet synchronous generator (PMSG) can be expressed as:
where ES is the root mean square (RMS) of the EMF, ω is the rotor angular speed of the PMSG.
In half alternating cycle, the waveform of EMF is divided into six sectors, as shown in Figure 6 . The input power factor of half quasi-Z-source inverter is analyzed in sector one below. Since the switching frequency is much greater than the frequency of the EMF, the value of EMF can be considered to be a constant in a switching cycle. The equivalent shoot-through function VZ is made being zero and one when half quasi-Z-source inverter operates in the shoot-through zero state and non-shoot-through zero state, respectively. The stator electromotive force (EMF) of permanent-magnet synchronous generator (PMSG) can be expressed as:
where E S is the root mean square (RMS) of the EMF, ω is the rotor angular speed of the PMSG. In half alternating cycle, the waveform of EMF is divided into six sectors, as shown in Figure 6 . The input power factor of half quasi-Z-source inverter is analyzed in sector one below. Since the switching frequency is much greater than the frequency of the EMF, the value of EMF can be considered to be a constant in a switching cycle. The equivalent shoot-through function V Z is made being zero and one when half quasi-Z-source inverter operates in the shoot-through zero state and non-shoot-through zero state, respectively. A switching cycle is divided into three operation modes during sector one, as shown in Figures 7 and 8 . H-qZSI operates in the shoot-through zero state from t0 to t1. In this case, the diodes D2, D3, D4 and D8 are in the ON state, while the diodes D1, D5, D6, D7 are in the OFF state. La, Lb and Lc are the equivalent inductors for three-phase stator windings. The current in inductors La, Lb and Lc is increased. The inductor L1 is charged by PMSG. At the same time, the inductor L2 is charged by capacitor C1. From Figure 8a , it can be obtained that: A switching cycle is divided into three operation modes during sector one, as shown in Figures 7 and 8 . H-qZSI operates in the shoot-through zero state from t0 to t1. In this case, the diodes D2, D3, D4 and D8 are in the ON state, while the diodes D1, D5, D6, D7 are in the OFF state. La, Lb and Lc are the equivalent inductors for three-phase stator windings. The current in inductors La, Lb and Lc is increased. The inductor L1 is charged by PMSG. At the same time, the inductor L2 is charged by capacitor C1. From Figure 8a , it can be obtained that: A switching cycle is divided into three operation modes during sector one, as shown in Figures 7 and 8 . H-qZSI operates in the shoot-through zero state from t0 to t1. In this case, the diodes D2, D3, D4 and D8 are in the ON state, while the diodes D1, D5, D6, D7 are in the OFF state. La, Lb and Lc are the equivalent inductors for three-phase stator windings. The current in inductors La, Lb and Lc is increased. The inductor L1 is charged by PMSG. At the same time, the inductor L2 is charged by capacitor C1. From Figure 8a , it can be obtained that: From Figure 8a , it can be obtained that: (10), it can be calculated that:
From the symmetry of three-phase EMF and the Kirchhoff's law, the equation can be obtained as follows:
From Equations (10) and (12), the derivative of three-phase stator current can be expressed as:
3e sc 3L+2L 1 (13) Equation (13) shows that the derivative of three-phase stator current is only related to the three-phase stator EMF in mode 1, when the system parameters are determined.
H-qZSI operates in the non-shoot-through zero state from t 1 to t 3 , where three-phase stator current is decreased in the first stage from t 1 to t 2 . In this case, the diodes D 1 From Figure 8b , it can be obtained that:
Adding the three equations in (14) , it can be calculated as:
From the symmetry of three-phase EMF and the Kirchhoff's law, the voltage between reference point N and O can be obtained as follows:
From Equations (14) and (16), the derivative of three-phase stator current can be expressed as: Equation (17) shows that the derivative of three-phase stator current is related to the three-phase stator EMF and the voltage of capacitor C 1 in mode 2, when the system parameters are determined.
The three-phase stator current is decreased in the second stage from t 2 to t 3 . In this case, B-phase stator current is zero. Figure 8c , it can be obtained that:
The derivative of the three-phase stator current can be expressed as:
Equation (19) shows that the derivative of three-phase stator current is related to the three-phase stator EMF and the voltage of capacitor C 1 in mode 3, when the system parameters are determined. Figure 9 shows the equivalent circuit of qZSI wind power generation system in each mode.
Equation (17) shows that the derivative of three-phase stator current is related to the three-phase stator EMF and the voltage of capacitor C1 in mode 2, when the system parameters are determined.
The three-phase stator current is decreased in the second stage from t2 to t3. In this case, B-phase stator current is zero. The diodes D1, D3, D8 are in the ON state, while the diodes D2, D4, D5, D6, D7 are in the OFF state. From Figure 8c , it can be obtained that:
Equation (19) shows that the derivative of three-phase stator current is related to the three-phase stator EMF and the voltage of capacitor C1 in mode 3, when the system parameters are determined. Figure 9 shows the equivalent circuit of qZSI wind power generation system in each mode. Similarly, the derivative of three-phase stator current in mode 1 can be expressed as: Similarly, the derivative of three-phase stator current in mode 1 can be expressed as:
Equation (20) shows that the derivative of three-phase stator current is related to the three-phase stator EMF and the voltage of capacitor C 2 in mode 1, when the system parameters are determined.
From Figure 9b ,c, it can be obtained that the derivative of three-phase stator current utilizing H-qZSI and qZSI is equal in mode 2 and mode 3, respectively. In comparison with the Equations (20) and (13), the coupling between the derivative of three-phase stator current and impedance-source capacitor is eliminated in the H-qZSI wind power generation system when the system operates in mode 1. Therefore, the nonlinear relationship between generator stator current and stator voltage is improved, and the stator current harmonics are reduced.
Simulation and Experimental Results
In order to verify the correctness of the theoretical analysis, a simulation model and experimental system are established with the parameters given in the following: The simulation waveforms of the grid-side in half quasi-Z-source WPGS are shown in Figure 10 , where the output voltage of the half quasi-Z-source network, the half quasi-Z-source capacitor voltage, the three-phase grid-connected current, and the current of inductor L 1 are included. It can be seen that the output voltage of half quasi-Z-source network is controlled at 630 V; the half quasi-Z-source capacitor voltage is controlled at 567 V; the three-phase grid-connected current is sinusoidal wave; the current of inductor L 1 is relatively stable.
Equation (20) shows that the derivative of three-phase stator current is related to the three-phase stator EMF and the voltage of capacitor C2 in mode 1, when the system parameters are determined.
From Figure 9b ,c, it can be obtained that the derivative of three-phase stator current utilizing HqZSI and qZSI is equal in mode 2 and mode 3, respectively.
In comparison with the Equations (20) and (13), the coupling between the derivative of threephase stator current and impedance-source capacitor is eliminated in the H-qZSI wind power generation system when the system operates in mode 1. Therefore, the nonlinear relationship between generator stator current and stator voltage is improved, and the stator current harmonics are reduced.
In order to verify the correctness of the theoretical analysis, a simulation model and experimental system are established with the parameters given in the following: The proposed half quasi-Z-source WPGS is compared with the conventional Z-source WPGS and quasi-Z-source WPGS. Figure 11 shows the simulation waveforms of the stator voltage and stator current of the PMSG with Z-source inverter, quasi-Z-source inverter and half quasi-Z-source inverter. Figure 12 shows the simulation results of the stator current frequency spectrum of the PMSG with Z-source inverter, quasi-Z-source inverter and half quasi-Z-source inverter. From Figures 11a, 12a and 11b, 12b , there are significant fifth-order, seventh-order, eleventh-order and thirteenth-order harmonics in the stator current, and the THD of the stator current is up to 38.29% and 31.34%, respectively. High harmonic distortion currents also appeared in the generator, which further reduce the efficiency and produce torque oscillations. These are the drawbacks of the conventional impedance -source WPGS. From Figures 11c and 12c , it can be seen that the low-order harmonics in the stator current is obviously decreased. This low-harmonic characteristic results from the utilization of the half quasi-Z-source inverter, and the THD of the stator current is only 12.76%, which is much smaller than that in the conventional impedance -source WPGS.
The proposed half quasi-Z-source WPGS is compared with the conventional Z-source WPGS and quasi-Z-source WPGS. Figure 11 shows the simulation waveforms of the stator voltage and stator current of the PMSG with Z-source inverter, quasi-Z-source inverter and half quasi-Z-source inverter. Figure 12 shows the simulation results of the stator current frequency spectrum of the PMSG with Z-source inverter, quasi-Z-source inverter and half quasi-Z-source inverter. From Figures 11a,  12a and Figures 11b, 12b , there are significant fifth-order, seventh-order, eleventh-order and thirteenth-order harmonics in the stator current, and the THD of the stator current is up to 38.29% and 31.34%, respectively. High harmonic distortion currents also appeared in the generator, which further reduce the efficiency and produce torque oscillations. These are the drawbacks of the conventional impedance -source WPGS. From Figures 11c and 12c , it can be seen that the low-order harmonics in the stator current is obviously decreased. This low-harmonic characteristic results from the utilization of the half quasi-Z-source inverter, and the THD of the stator current is only 12.76%, which is much smaller than that in the conventional impedance -source WPGS. An experimental platform based on a TMS320F2812 DSP has been built to verify the properties of the proposed half quasi-Z-source WPGS. An induction motor is utilized to drag a PMSG to imitate a wind turbine. Figure 13 shows a picture of the experimental system. The switching frequency is 10 kHz. The experimental results are collected by a Tektronix oscilloscope. An experimental platform based on a TMS320F2812 DSP has been built to verify the properties of the proposed half quasi-Z-source WPGS. An induction motor is utilized to drag a PMSG to imitate a wind turbine. Figure 13 shows a picture of the experimental system. The switching frequency is 10 kHz. The experimental results are collected by a Tektronix oscilloscope.
(c) An experimental platform based on a TMS320F2812 DSP has been built to verify the properties of the proposed half quasi-Z-source WPGS. An induction motor is utilized to drag a PMSG to imitate a wind turbine. Figure 13 shows a picture of the experimental system. The switching frequency is 10 kHz. The experimental results are collected by a Tektronix oscilloscope. The experimental waveforms of the grid-side in half quasi-Z-source WPGS are shown in Figure 14 , where the output voltage of half quasi-Z-source network, the half quasi-Z-source capacitor voltage, the three-phase grid-connected current, and the current of inductor L1 can be seen. The output voltage of half quasi-Z-source network and the half quasi-Z-source capacitor voltage are controlled at 630 V and 567 V, respectively. There is good steady-state performance for the threephase grid-connected current and the current of inductor L1. The experimental waveforms of the stator voltage and stator current of the PMSG with Z-source inverter, quasi-Z-source inverter and half quasi-Z-source inverter are shown in Figure 15 .
The experimental results of the stator current frequency spectrum of the PMSG with Z-source inverter, quasi-Z-source inverter and half quasi-Z-source inverter are shown in Figure 16 . It can be seen from Figures 15c and 16c that there are acceptable low-order harmonics in the generator, which is due to the utilization of the half quasi-Z-source inverter, and the THD of the stator current is only 13.23%. From Figures 15a, 16a and 15b, 16b , there are obvious fifth-order, seventh-order, eleventh-order and thirteenth-order harmonics in the stator current, and the THD of the stator current is up to 39.68% and 32.47%, respectively, which is much larger than that in the proposed half quasi-Z-source WPGS. The experimental waveforms of the stator voltage and stator current of the PMSG with Zsource inverter, quasi-Z-source inverter and half quasi-Z-source inverter are shown in Figure 15 . The experimental results of the stator current frequency spectrum of the PMSG with Z-source inverter, quasi-Z-source inverter and half quasi-Z-source inverter are shown in Figure 16 . It can be seen from Figures 15c and 16c that there are acceptable low-order harmonics in the generator, which is due to the utilization of the half quasi-Z-source inverter, and the THD of the stator current is only 13.23%. From Figures 15a, 16a and 15b, 16b , there are obvious fifth-order, seventh-order, eleventhorder and thirteenth-order harmonics in the stator current, and the THD of the stator current is up to 39.68% and 32.47%, respectively, which is much larger than that in the proposed half quasi-Z-source WPGS. The experimental results are very close match to the results obtained in the simulation. With the proposed half quasi-Z-source WPGS, the THD of the stator current is dramatically reduced by 67% and 59%, compared with the Z-source WPGS and the quasi-Z-source WPGS, respectively.
Conclusions
In this paper, a novel half quasi-Z-source inverter for grid-connected wind power generation systems to reduce the generator stator current's harmonic components is proposed. The derivative of three-phase stator current is analyzed in detail under the half quasi-Z-source inverter and traditional impedance-source inverter conditions. In comparison with the traditional impedance-source WPGS, the derivative of the generator stator current is only determined by the instantaneous value of the The experimental results are very close match to the results obtained in the simulation. With the proposed half quasi-Z-source WPGS, the THD of the stator current is dramatically reduced by 67% and 59%, compared with the Z-source WPGS and the quasi-Z-source WPGS, respectively.
